Abstract: Jeju Island experienced an approximately 42% increase in energy consumption from 2006 to 2015 and the demand for energy consumption is expected to continue to increase. Thus, Jeju Island is planning a project entitled "Carbon Free Island by 2030" to promote sustainable development and is required to estimate the environmental carrying capacity for future energy demand changes. The purpose of this study was to calculate the emergy inherent in Jeju Island's energy, materials, and information in 2015 using the emergy analysis method and local characteristics. In addition, this study aimed to estimate the emergy indices to evaluate the environmental carrying capacity for sustainable development in 2005, 2015, and 2030 considering the future energy demand. This study's outputs provide the environmental carrying capacity with emergy indices, such as the percent renewable (%Renew), emergy yield ratio (EYR), environmental loading ratio (ELR), sustainability index (SI), and carrying capacity of the population (CCP) for social and economic activities on Jeju Island, which are expected to be saturated. These findings show regions with heavy tourism require development strategies, including the concept of environmental carrying capacity.
Introduction
The energy industry has a significant effect on the economic development of cities and nations, which is inevitably accompanied by an increase in energy consumption [1] . However, it is difficult to respond to the rapidly increasing energy demand because energy is difficult to store [2] . To resolve this issue, the Korean government has attempted to cope with the growing energy demand by implementing various energy policies. These policies can be implemented without adversely affecting the economy, but the outcomes of the policies may differ depending on the analysis period and the characteristics of the target [3] . Therefore, it is important to consider economic development to reduce waste and efficiently use resources. In addition, energy production facilities should be constructed to increase the amount of available energy. Due to air pollution and global warming caused by the use of fossil energy, the sustainability of Jeju Island's development is threatened [2] .
The growth of the gross regional domestic product (GRDP) of Jeju Island has increased from 1.9% to 5.3% from 2006 to 2015, whereas the GDP growth rate of South Korea decreased from 4.9% to 2.8% during that same period [4] . This rapid growth of Jeju Island has required considerable energy consumption, with the final energy consumption of Jeju Island increasing by 42% from 920,000 tonnage of oil equivalent (toe) to 1,310,000 toe during the same period. To address the environmental problems caused by this increase in energy consumption, renewable energy production also increased by 1100% from 30,000 toe in 2006 to 350,000 toe in 2015 [5] . This increase in energy demand will lead to an increase in the use of fossil fuels, which can pose a threat to the sustainable development of Jeju Island. To promote sustainable development, Jeju Island is striving to conduct a program called "Carbon Free Island by 2030" by implementing a smart grid, replacing combustion engines with electric cars, and generating electricity as 100% renewable energy [6] . It is necessary to assess quantitatively whether such efforts can actually achieve sustainable development, however.
The environmental carrying capacity can show a degree of sustainable development. Environmental carrying capacity is the limit of human activities that the environment can endure [7, 8] . It also refers to the capacity of the interdependent and mutual promotion of sustainable growth in the economy and in society as a whole, as well as the capacity to satisfy the needs of present and future generations [9] . Several tools can calculate the environmental carrying capacity, including emergy analysis, ecological footprint analysis, and the Onishi model. The ecological footprint is a method of converting the resources required for economic activities into land area, while the Onishi model is a method to analyze the supply and demand of the environment-related sector. Emergy analysis is an ecological approach to assessing the environmental burden and sustainability inherent in energy, materials, and information [10] [11] [12] . We chose the emergy analysis method to assess sustainable development by taking advantage of changes in energy demand and flow on Jeju Island.
Numerous studies have estimated the environmental carrying capacity of various nations by using emergy analysis [10, [13] [14] [15] . Zhang et al. [13] and Liu et al. [10] used emergy analysis to evaluate the sustainability of the Zengcheng, region taking into account all economic factors [10, 13] . Chen et al. [14] performed an emergy analysis for Yunnan Province in China to develop a policy proposal for the sustainable development of the province [14] . However, unlike Yunnan Province and Zengcheng, where electricity can be generated, Jeju Island received 39% of its electricity from the mainland in 2016 by using a high voltage direct current (HVDC) system [16] . Hossaini and Hewage [15] sought to understand the flow of energy, materials, and money using emergy analysis [15] , but they did not consider the tourism industry, which accounts for nearly 26% of Jeju Island's total industrial sector [6] ; tourism is, therefore, an essential factor in analyzing energy flow. The characteristics of Jeju Island are unique in South Korea in terms of the island's electricity supply and tourism industry development, so it is necessary to estimate the environmental carrying capacity of Jeju Island by including both electricity supply and tourism in the emergy analysis.
The purpose of this study was to calculate the emergy inherent in the energy, materials, and information of Jeju Island in 2015 based on the emergy analysis method and local characteristics. Another objective was to evaluate the environmental carrying capacity for the sustainable development of Jeju Island through a comparative analysis between 2005 (past) and 2030 (future), considering the future energy demand.
Materials and Methods

Research Area and Data Sources
Jeju Island, which is the largest island in South Korea, is located in the southwestern part of the Korean peninsula and has an area of 1833.2 km 2 ( Figure 1 ). The island's abundant tourism resources, such as its landscape and ecological diversity, have led to the island being included as a bio-limited conservation area in 2002, listed among the world natural heritage sites in 2007, and added as one of the new seven wonders of nature in 2011. Due to industrial development and tourism, roughly 14.75 million people traveled to Jeju Island in 2017; the population of the island is around 680,000, meaning that the number of travelers to the island accounted for around 2300% of the population that year [16] .
Statistical data are obtained from various yearbooks, such as the yearbook of regional energy statistics of Korea [17] , the statistical yearbook of maritime affairs and fisheries [18] , and the statistical yearbook of food, agriculture, forestry, and fisheries [18] . These data include natural energy, regional production (water resources, agriculture, forestry, fisheries), and population. The Korea international trade association provides the trade data [19] . Statistical data are obtained from various yearbooks, such as the yearbook of regional energy statistics of Korea [17] , the statistical yearbook of maritime affairs and fisheries [18] , and the statistical yearbook of food, agriculture, forestry, and fisheries [18] . These data include natural energy, regional production (water resources, agriculture, forestry, fisheries), and population. The Korea international trade association provides the trade data [19].
Emergy Analysis
An emergy analysis is defined as the sum of the available energy by converting all elements (energy, materials, and information) that serve as inputs into the direct and indirect production of a particular good or service [12] . This method differs from an economic evaluation method, which determines the value of goods and services based on consumers' willingness to pay. The emergy analysis also includes a valuation of the production point that includes all factors that contribute to the production of goods and services [20] .
Energy quality is also a characteristic of an emergy analysis [12] . Different forms of energy cannot be compared simply by their different types, characteristics, and scales, but emergy analysis allows for comparing the relative ability of each type of energy to show the overall flow of energy in the system. The unit energy value (UEV) is a factor that converts the difference in energy capability to the same comparable indicator. The UEV can be described as the amount of energy required to convert one type of energy into another. It can be divided into the energy conversion degree, the material conversion degree, and the emulsion ratio based on the object that must be converted [20] . Solar energy is primarily used as an energy source in an emergy analysis. In this case, emergy can be referred to as solar emergy and UEV as solar transformity [12] . It allows us to transfer the resource inputs (sun, agricultural production, topsoil losses, fuels etc.) into solar emjoules (sej) [21] . Solar emergy is a quantitative indicator that uses different types of energy units to represent the relative energy quality. The environmental carrying capacity is calculated by summing the total solar emergy required across all direct and indirect material and energy inputs used in the production of goods and services.
Emergy is composed of renewable energy (RE), nonrenewable source (NR) use from within a system, indigenous renewable energy (IR), imports (IM), and exports (EX). Table 1 lists the items for each sector in detail. Emergy is calculated as: 
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where EM SM is the total of emergy consumed by a region or country in a year; EM RE is the emergy of the RE category; EM NR is the emergy of the NR category; EM IR is the emergy of the IR category; EM IM is the emergy of the IM category; and EM EX is the emergy of the EX category. To calculate the emergy of each category, the emergy of the items in the category is estimated as:
The emergy (sej) of an item is estimated as the solar transformity (sej/J) and the energy (J) inherent in energy, materials, and information. This information comes from the flow of products or services required in people's lives, and occurs in the circumstances in which a product or service is moved and converted into energy.
In the case of RE, emergy was calculated using the annual climatological reports and statistical data based on four items (sun, wind, rain, and waves).
The NR sector includes two items-soil organic matter loss and water depletion-which are considered unsustainable resources because of their slow regeneration [20] . Water depletion was excluded from the emergy evaluation, however, since Jeju Island experienced the largest amount of precipitation to date in 2015 (Jeju-si: 1728.3 mm; Gosan: 1546.4 mm; Seongsan: 2542.2 mm; Seogwipo-si: 2618.1 mm), so the emergy of water was estimated to be negative. Other non-renewable energy sources, such as the production of coal, metal minerals, and non-metallic minerals, are often calculated as well; however, they were excluded from the emergy evaluation due to no production on Jeju Island.
The IR related to the economic activities of Jeju Island is the emergy based on renewable energy. The items of the IR category were selected by considering the resource depletion caused by the development of the tourism industry. Four items were chosen to reflect the decline of agricultural products, the decrease of fishery products caused by overfishing, the depletion of water resources due to population growth, and the reduction of roundwood production from tourism resource development.
The nine and six items are evaluated from the IM and EX categories, respectively. Among the items of IM, the electricity use and tourism items were added to the IM category as indicators of the regional characteristics of Jeju Island. Unlike other regions, Jeju Island has chosen to source its electricity through HVDC with the mainland rather than through power generation in order to preserve the clean, natural environment and because of difficulties in providing fuel. Thus, the lack of electricity was supplied by HVDC from the South Korean mainland, largely coming from Haenam and Jindo of Jeon-nam, at 39% [16] . Although the electricity use item is generally assigned to the IR category, it was added to the IM category because it was considered a characteristic of Jeju Island in this study.
With regard to tourism, Jeju Island is a significant tourist destination, and tourism-related income is a major contributor to the regional development of the island. According to the Jeju Statistical Yearbook, the tourism industry on Jeju Island accounted for about 26% of the GRDP in 2015, which was quite influential compared to the other sectors including agriculture, forestry, and fishery (11.6%) and construction (10.2%) [16] . The tourism industry has grown steadily since 1960, but recent trends have shown increasing diversification of the tourism industry due to improved income levels and living standards. The development of sustainable tourism and various eco-tourism prospects could make the tourism industry more active and, thus, the tourism item was added to the IM category to investigate the effect of the Jeju Island tourism industry on emergy.
Emergy Indices
Emergy indices are used to evaluate an energy flow system and to understand the sustainability of development. Emergy indices include the percent renewable (%Renew), emergy yield ratio (EYR), environmental loading ratio (ELR), sustainability index (SI), and carrying capacity of the population (CCP). Detailed estimation equations are as follows:
where R is a permanent emergy (which is the same as the emergy of RE shown in Table 1 , R); N is nonpermanent emergy (the same as the emergy of NR in Table 1 , N); F is nonpermanent purchased emergy (the emergy of IM except tourism, F); and P2L is used goods and services emergy (the same as the emergy of tourism, P2L) [22] . %Renew represents the ratio of renewable emergy from the total emergy. This index is a key factor in determining sustainable development potential when considering the long-term development of a country or region. EYR is defined as the ratio of the emergy (R + N + F) flowing into an area divided by the nonpermanent purchased emergy. This index is an indicator of the efficiency and productivity of regional systems. ELR represents the degree of the environmental load on the local ecosystem. This is also mainly used as an indicator of the impact of human economic and social activities on the surrounding environment. SI represents the degree of sustainability of the system based on current environmental conditions and economic activities. CCP is an indicator of the extent to which social and economic activities are sustainable. This is calculated using the ratio of permanent emergy and used emergy (R + N + F + P2L), the population, and the value 8, which represents the level of economic development in developed countries to determine whether human economic and social activities are within the capacity of the ecosystem [22] .
Results
Emergy Evaluation of Jeju Island in 2015
The emergy of Jeju Island, based on the energy of the category items in 2015, was evaluated as shown in Table 2 . In this study, the base energy was set as the solar energy to compare the energy of different resources. The total emergy of Jeju Island was 2.79 × 10 22 sej/year in 2015.
Each The emergy in RE refers to the amount of emergy in the wave item which was calculated using the coastline's length and the wave energy density of Jeju Island. Each item is closely related because renewable energy is basically powered by solar energy. Therefore, duplicate calculation errors can occur [6] . The emergy of RE was selected as the item with the highest amount of emergy [23, 24] . The sun item represents the renewable energy source that provided the largest amount of energy (1.33 × 10 19 J/year) needed for Jeju Island in 2015. This amount corresponded to about 279 times the energy of the wave item; however, after examining the contribution of emergy, it was found that the contribution of the rain, wind, and sun items was less than the contribution of the wave item, which had the highest emergy in RE (2.43 × 10 21 sej/year). Therefore, if simple comparisons are made without considering the difference between the different types of energy, the value of the actual energy contribution to the region cannot be evaluated properly [6] . [22] , (3) Buenfil [26] , (4) Odum [12] , (5) Romitelli [27] (6) Brown and Ulgiati [28] , (7) Liu et al. [29] , (8) Cohen et al. [30] , (9) Ascione et al. [31] . b The sum of the renewable resources is determined by the largest value among the items to avoid a duplicate calculation. c These percentages show the portion in each category. In the category of renewable energy, there is no portion due to using the maximum emergy of the renewable energy category. d Water extraction can be divided into surface water and groundwater. The UEVs of surface water and groundwater are 8.14 × 10 4 , and 2.45 × 10 5 .
In the case of IR, the emergy of the electricity use item, which accounted for about 81% of IR, showed the highest value (8.76 × 10 20 sej/year). The emergy contribution for IR showed a decreasing order from the water extraction (1.84 × 10 20 sej/year) to the fisheries production item (7.12 × 10 14 sej/year). For NR (1.98 × 10 19 sej/year), only the topsoil losses item was calculated. This category accounted for 0.01% of total emergy, which was the smallest portion.
The emergy of IM, which accounted for the largest share of total emergy, was 1.75 × 10 22 sej/year and was estimated to account for about 88% of total emergy. The emergy of the tourism item accounted for 89% (1.56 × 10 22 sej/year) of IM, which was the highest contribution. The contribution showed a decreasing order from the livestock, meat, fish item (8.67 × 10 20 sej/year) to the electricity use item (4.93 × 10 20 sej/year). The energy (revenue) generated by the tourism item was 4.10 × 10 9 $/year, the third lowest in IM; however, it was estimated that the emergy of the tourism item was the highest among the items because it had the highest UEV (3.81 × 10 12 ).
For EX, the livestock, meat, fish item had an emergy volume of 1.25 × 10 20 sej/year, which accounted for about 71% of EX. The contribution decreased in the order of the plastics and synthetic rubber item (1.54 × 10 19 sej/year) and the machinery and transportation equipment item (1.30 × 10 19 sej/year).
Comparison Emergy Evaluations in 2005, 2015, and 2030
The results of the emergy evaluations of Jeju Island in 2005, 2015, and 2030 are shown in Table 3 , the electricity use item, which excluded 40% and 36% of the supply from the land by HVDC, respectively, was the largest contributor to emergy for IR, and this contribution will also be the largest contributor though generating electricity as 100% renewable energy will be achieved in 2030. The emergy of NR, which included only the topsoil losses item, was estimated as 1.91 × 10 19 sej/year in 2005 and 2.09 × 10 19 sej/year in 2030, which is about 6% higher than in 2015.
The emergy of EX was estimated as 1.64 × 10 20 sej/year (1% of the total emergy) in 2005, but it was predicted to be 1.72 × 10 22 sej/year (19% of the total emergy) in 2030, which is about 100 times higher than in 2015. The plastics and synthetic rubber production industries on Jeju Island increase the exports of these items, so the emergy of these industries is predicted to increase to 1.25 × 10 22 sej/year, which would be the largest contributor to EX in 2030.
The emergy of IM in 2005 was roughly 52% lower than in 2015; the corresponding amount of emergy in 2030 is predicted to be roughly 224% higher than in 2015. The proportion of IM of total emergy was 48%, 63%, and 65% in 2005, 2015, and 2030, respectively.
The IM category accounts for a large share of the total emergy in Jeju Island (Figure 2) . Especially, the emergy of the tourism item in IM accounted for 87% (7.26 × 10 21 sej/year). In addition, the emergy of tourism item in 2030, which was estimated based on the trend of tourism imports on Jeju Island, was calculated as 5.28 × 10 22 sej/year and is expected to account for 88% of IM. Although the change of the tourism proportion for 2030 is only 1% more than in 2005 or 2015, the rate was still the highest, which affected the emergy of IM. Tourism not only increases tourism income, but also affects the imports necessary to satisfy tourism, which can bring about an increase in the emergy of IM, as well as causing negative consequences to emergy indices. Thus, the change in tourism emergy is considered the bottom line of the environmental carrying capacity on Jeju Island. The electricity item was excluded from IM because it was used in the calculation of IR in the emergy analysis The IM category accounts for a large share of the total emergy in Jeju Island (Figure 2) . Especially, the emergy of the tourism item in IM accounted for 87% (7.26 × 10 21 sej/year). In addition, the emergy of tourism item in 2030, which was estimated based on the trend of tourism imports on Jeju Island, was calculated as 5.28 × 10 22 sej/year and is expected to account for 88% of IM. Although the change of the tourism proportion for 2030 is only 1% more than in 2005 or 2015, the rate was still the highest, which affected the emergy of IM. Tourism not only increases tourism income, but also affects the imports necessary to satisfy tourism, which can bring about an increase in the emergy of IM, as well as causing negative consequences to emergy indices. Thus, the change in tourism emergy is considered the bottom line of the environmental carrying capacity on Jeju Island. The electricity item was excluded from IM because it was used in the calculation of IR in the emergy analysis table for 2030. (2015), and 0.02% (2030), which is less than 1%. The bar graph shows the composition of IM which accounts for the largest portion of the total emergy. Fuels, plastics and synthetic rubber, chemicals, and finished products items are eliminated considering the proportion of IM.
Sustainability Evaluations of Jeju Island in 2005, 2015, and 2030
The environmental carrying capacity for the sustainable development of Jeju Island was evaluated based on the estimated emergy indices, including the percent renewable (%Renew), emergy yield ratio (EYR), environmental loading ratio (ELR), sustainability index (SI), and carrying capacity of the population (CCP). These indices are supposed to be compared across indicators. The results of the indices were grouped into three types of systems and divided into sustainable system, transitional system, and unsustainable system [32] .
The results of Jeju Island's emergy indices and changes are presented in Figure 3 . %Renew will likely move from a sustainable system to an unsustainable system from 2005 to 2030, and this trend is also apparent across the other indicators. EYR represents the unsustainable system in 2005 with it progressively getting worse by 2030. ELR has been in the sustainable system from 2005 to 2015, but because the system shows signs of deterioration, it is expected to enter the transitional system by 2030. The economic and social activities occurring on Jeju Island appear to be increasing the burden (2015), and 0.02% (2030), which is less than 1%. The bar graph shows the composition of IM which accounts for the largest portion of the total emergy. Fuels, plastics and synthetic rubber, chemicals, and finished products items are eliminated considering the proportion of IM.
The results of Jeju Island's emergy indices and changes are presented in Figure 3 . %Renew will likely move from a sustainable system to an unsustainable system from 2005 to 2030, and this trend is also apparent across the other indicators. EYR represents the unsustainable system in 2005 with it progressively getting worse by 2030. ELR has been in the sustainable system from 2005 to 2015, but because the system shows signs of deterioration, it is expected to enter the transitional system by 2030. The economic and social activities occurring on Jeju Island appear to be increasing the burden on the natural environment. SI also showed a sustainable system in 2005, but deteriorates to a transitional system in 2015, and is expected to become an unsustainable system by 2030. We can conclude that the sustainability of Jeju Island has decreased. As for CCP, the capacity was available in 2005 relative to the resident population on Jeju Island, although CCP also shows signs of deterioration and is expected to be serious by 2030. The five emergy indices consist of percent renewable (%Renew), emergy yield ratio (EYR), environmental loading ratio (ELR), sustainability index (SI), and carrying capacity of the population (CCP). The ELR, unlike other indices, shows that the smaller the number, the better the system. The following shows the range of each index: ① %Renew: unsustainable system (<0.2), transitional system (0.2-0.5), sustainable system (>0.5); ② EYR: unsustainable system (<4), transitional system (4-15), sustainable system (>15); ③ ELR: sustainable system (<2), transitional system (2-10), unsustainable system (>10); and ④ SI: unsustainable system (<1), transitional system (1-5), and sustainable system (>5) [14, 33] . Unlike other indices, the higher the number of ELR, the worse it is.
The results of the evaluation of the emergy characteristics on Jeju Island using emergy indices in 2030 are as follows: First, the long-term development of Jeju Island's economy and society will be hindered. Second, the characteristics that depend on the external economy are expected to be intensive. Third, the CCP needed to sustain the economic and social activities is decreasing, and the sustainable development of Jeju Island will be jeopardized. A comprehensive analysis of the indices, such as %Renew, EYR, ELR, SI, and CCP, showed that the environmental carrying capacity of Jeju , emergy yield ratio (EYR), environmental loading ratio (ELR), sustainability index (SI), and carrying capacity of the population (CCP). The ELR, unlike other indices, shows that the smaller the number, the better the system. The following shows the range of each index: 1 %Renew: unsustainable system (<0.2), transitional system (0.2-0.5), sustainable system (>0.5); 2 EYR: unsustainable system (<4), transitional system (4-15), sustainable system (>15);
The results of the evaluation of the emergy characteristics on Jeju Island using emergy indices in 2030 are as follows: First, the long-term development of Jeju Island's economy and society will be hindered. Second, the characteristics that depend on the external economy are expected to be intensive. Third, the CCP needed to sustain the economic and social activities is decreasing, and the sustainable development of Jeju Island will be jeopardized. A comprehensive analysis of the indices, such as %Renew, EYR, ELR, SI, and CCP, showed that the environmental carrying capacity of Jeju Island is anticipated to become saturated.
Conclusions
The present study was conducted to estimate the emergy of Jeju Island in 2015 and to evaluate the environmental carrying capacity for the sustainable development of Jeju Island through an emergy comparison of 2005, 2015, and 2030.
The emergy results in 2015 were as follows: RE 2.43 × 10 21 sej/year, IR 7.74 × 10 21 sej/year, NR 1.98 × 10 19 sej/year, IM 1.75 × 10 22 sej/year, and EX 1.76 × 10 20 sej/year. In particular, the emergy of IM accounted for roughly 88% of total emergy, which was the largest portion. In addition, the tourism item had the highest emergy contribution among all items, with an emergy of 1.56 × 10 22 sej/year. The most influential category of total emergy was IM based on an emergy comparison for Jeju Island in 2005, 2015, and 2030. The environmental carrying capacity of Jeju Island was evaluated by considering the changes in future energy demand based on the analyzed emergy. As a result, tourism income was indicated to have increased due to an increase in the number of tourists, which has led to a surge in the emergy of the tourism item (P2L). With an increase in residents and tourists, the emergy of IM could also increase because additional external resources would be required. No emergy indicators showed optimistic results, suggesting that the sustainable development of Jeju Island will be jeopardized and that the environmental carrying capacity will become saturated.
This study has investigated the potential to supply all electricity using renewable energy on Jeju Island by 2030; however, the energy required for a renewable energy infrastructure was not analyzed. It is possible that the influx of the external resources might increase the emergy of the IM category and could lead to worse consequences. In addition, it is important to emphasize that excluding the possibility of supplying electricity using HVDC after 2030 limits the interpretations. If electricity is imported into Jeju Island in 2030, this electricity importation could increase the emergy of the IM category, which is important in estimating the island's environmental carrying capacity.
These findings are of considerable importance because they suggest that tourism-oriented regions, such as Jeju Island, require development strategies that include the concept of environmental carrying capacity. Regions that see heavy tourism require resources to satisfy the entire population, including tourists. Doing so inevitably increases the amount of energy that is brought in, however, which could hinder sustainable development. An analysis of the environmental carrying capacity using emergy analysis will reveal and improve the vulnerabilities that could hinder sustainable development, thus having the potential to enhance sustainability. However, because the environmental carrying capacity of Jeju Island shows better results than those of South Korea as a whole, from Kim and Chang's work [6] , we can, therefore, expect opportunities to enhance Jeju Island's environmental carrying capacity in the future by improving the sustainable development of the island.
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